A rotational transmission system from coaxial carbon nanotubes (CNTs) is investigated using a computational molecular dynamics approach. The system consists of a motor from a single-walled carbon nanotube and a bearing from a double-walled carbon nanotube. The motor has a high fixed rotational frequency and the two ends of the outer tube in the bearing are fixed. The inner tube in the bearing works as a rotor. Because of the interlayer friction in the bearing, configurations of the joint between the adjacent ends of motor and rotor have significant effects on rotational transmission properties. Four factors are considered in simulation, i.e., the bonding types of atoms (sp 1 and sp 2 ) on the ends of motor and rotor, the difference between motor and rotor radii, the rotational speed of motor, and the environmental temperature. It is found that the synchronous transmission happens if the sp 1 atoms on the jointed ends of motor and rotor are bonded each other and become new sp 2 atoms. Therefore, the lower difference between radii of motor and rotor, higher temperature of environment leads to synchronous rotational transmission easily. If the environmental temperature is too low (e.g., <150 K), the end of motor adjacent to rotor is easily under buckling and new sp 2 atoms appear, too. With capped CNTs or higher radii difference between rotor and motor at an appropriate temperature, a stable asynchronous rotation of rotor can be generated, and the rotor's frequency varying linearly with motor's frequency between 230 and 270 GHz. A multi-signal transmission device combined with oscillating and rotational motion is proposed for motor and stator shares a same size in radius. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
In recent decades, carbon nanotubes (CNTs) have attracted extensive attention in a variety of fields of nanoengineering due to their excellent mechanical, electrical, and thermal properties. [1] [2] [3] [4] [5] [6] In particular, they have been considered important candidates as building blocks for the next generation of nano-electro-mechanical systems (NEMS). 7 In these applications, mechanisms of relative movement (such as axial linear 8, 9 and rotational 6, 10, 11 movements) between adjacent walls of a multi-wall CNT (MWCNT) are of importance. These mechanisms have been taken as a fundamental basis for designing nano devices such as gigahertz oscillators 2, [12] [13] [14] [15] and motors 1, [16] [17] [18] For example, Subramanian et al. 19 achieved nanoscale batch fabrication of CNT bearings. Fennimore et al.
11 synthesized a rotational motor with a metal plate motor attached to the outer shells of MWCNTs and activated by three stator electrodes. Soon after that Bourlon et al. 10 changed the attachment position of the rotational plate to the rotors of MWCNTs. These methods suggested a feasible way to rotate MWCNTs axially, motivating much further study of the rotation of CNTs during the last decade.
In investigations of the rotational movement of MWCNTs, the bolt and nut pair [20] [21] [22] among adjacent layers is one of the major factors to be considered. Belikov et al. 22 reported that potential energy barriers with different chirality and helical angles could lead to different screw-like motions. A number of studies ensued from that discovery. For example, Schoen et al. 3 simulated golden mass transportation inside CNTs under a thermal gradient, and found that the trajectories were helical. Similarly, the transport of cargoes attached to the outer shells of double-walled carbon nanotubes (DWCNTs) was studied using both experiment and molecular dynamics (MD) simulation methods. 23 These types of motion can be regarded as CNT-based motors with a shorter CNT moving axially along a longer CNT. 17 Departing from the thermal gradient condition, Somada et al. 1 represented linear motors under constant temperature between 1073 and 1373 K. The short-capped CNT moved forward and back constantly and could be regarded as an oscillator. In recent work, we reported self-excited gigahertz oscillations 12 that were mainly started by the bolt and nut pair and the end effect of CNTs. 24 Apart from thermal energy, electric energy is another way to trigger CNT motors. Tu opposing MWCNTs in a direct current circuit. By virtue of the ultralow friction force between adjacent walls, the inner shells move out easily and begin to rotate. When the rotors contact each other, rotation is then the only motion for the whole system. Kang and Hwang 25 simulated a high-speed rotational CNT motor activated by friction between CNT wall surface and fluidic gas. Zhao et al. 26 proposed the coarse-grained potentials to simulate single-walled carbon nanotube (SWCNT) bundles and buckypaper in high efficiency and high accuracy. Wang and Arash 27 reviewed the experimental and simulation works of nano-resonator sensors based on CNTs and graphenes. A series of promising application studies generate a great prospect for designing nano devices with CNTs.
As demonstrated in the above review, the friction between tubes plays a major role in the dynamic systems, e.g., oscillator or rotator. Considering the rotation of CNTs is hard to generate and control, we suggested a feasible way for controlling the output rotational frequency through a stable rotational transmission system (RTS). 28 For such system, the tube ends were bonded with hydrogen atoms to reduce the strong edge effect. In the present study, we will discuss the effect of tube end configuration, radii differences, and temperature on the rotational transmission behavior. MD simulations are adopted to investigate the dynamic behavior of such system. The results have the potential to provide ways of fabricating some new nano devices.
II. METHODS
A system consisting of a coaxial SWCNT and a DWCNT is employed in this work. One is assumed to be a rotational motor and the other is regarded as transmission device. For the force field used in our MD simulation with LAMMPS, 29 the adaptive intermolecular reactive empirical bond order (AIREBO) potential 30 is chosen to describe the covalent bonds among carbon atoms and long-range van der Waals interaction force. Quantum-ESPRESSO 31 is used to find the electron density distribution.
Before conducting the simulation, a Nos e-Hoover heat bath at a constant temperature is applied to relax the whole coaxial system except for 3 fixed layers of tube ends. Except in discussing the temperature effect, all the environmental temperature is 300 K. The duration of the relaxation time is 100 ps. After relaxation, the motor tubes begin rotating with a period of 4 ps (rotational frequency 250 GHz) without translational motion along their axis. The two ends of the outer tube are fixed with 3 layers on each end. At the same time, the rotors of the DWCNTs are set freely. The whole system is under the canonical NVT ensemble (N is the total number of particles in the system, V is the system's volume, and T is the absolute temperature). For all simulations after relaxation, 5-10 ns are simulated with the time step of 1 fs.
III. MODELS
In this work, all tubes are assumed to have armchair chirality. The right part in Fig. 1(a) shows the configuration of a bearing from a DWCNT of (5, 5)/(10, 10), where (5, 5) are the chiral indices of the rotor and (10, 10) are those of the outer tube. The lengths of the rotor (blue) and outer tube (orange) are about 6 nm and 4 nm, respectively. The left part (pink) is a SWCNT-based driving motor with length of 2.1 nm. The initial distance between driving motor and rotor is 0.34 nm, which is the balance distance between two graphite sheets. Based on the system above, the effects of the configurations of tube ends and the radii of the motor on its dynamic behavior are investigated. In particular, the configurations of the ends of a motor of index (5, 5) and rotor can be classified into three types: both open (BO), only motor capped (MC), and both capped (BC) (Fig. 1) . The cap of a tube is half of a C60 buckyball. Second, to investigate the effect of the radii of the motor on the dynamic behavior of the bearing, we employ six armchair models of the motor from (5, 5) to (10, 10) .
IV. RESULTS AND DISCUSSION

A. Effects of tube end configurations
In a transmission system, when the degree of freedom (DOF) constraint is removed from the rotor, it can move forward to its right end through the interaction force of the tubes' ends. Fig. 3 illustrates the history of rotational frequency and positions of the mass center of inner tubes/rotors (MCITs) of the three configurations shown in Fig. 1 . The investigation indicated that the stable position is independent of initial position. The difference between the relative positions of MCIT in Fig. 3 is mainly caused by the size of either one cap (MC) or two caps (BC). After 4000 ps of simulation, stable position is achieved. For the BO condition of tube ends, the carbon structure has sp 1 orbital hybridization (i.e., sp 1 bonded carbon atoms) on tube ends ( Fig. 1(a) ). The remaining p orbit electrons have strong interactions between two adjacent tube ends. Fig. 2(a) shows the electron density distribution near the joint in the system shown in Fig. 3(a) after relaxation, demonstrating that the interaction is the strongest among the three cases of BO, MC, and BC. Hence, we conclude that the rotation of the rotor is triggered immediately after the DOF constraint is removed. When both ends are capped, however (BC), there is only interaction among sp 2 bonded atoms at the ends of motor and rotor, which is directly shown by the electron density distribution near the joint in Fig. 2(c) . The interaction is much weaker than that between sp 1 bonded atoms. Such interaction provides less torque to drive the rotation of the rotor. Asynchronous rotation transmission occurs readily. It should be mentioned that longer initial distance between the motor and rotor may lead to longer delay of the appearing of peak value of rotational frequency of rotor. Smaller overlap of electron densities between two neighbor ends of motor and rotor may result in lower peak value of rotation speed.
If the motor has capped ends and the rotor has open ends (MC), the interaction between sp 2 and sp 1 bonded atoms is stronger than that between sp 2 bonded atoms but weaker than that between sp 1 bonded atoms. For the system with both open ends (BO), the rotor's rotational frequency (black line in Fig. 3(a) ) varies near 250 GHz (yellow broken line), which is the same value as that of motor's rotation speed. From Fig. 3(b) , we find that the position of MCIT (black line) remains almost unchanged, demonstrating that the rotor in the bearing has no translational motion after being absorbed by the right end of the motor. It demonstrates that the atoms on the adjacent ends between motor and rotor have been bonded and become sp 2 atoms (see Fig. 2(a) ).
For the MC condition, Fig. 3(a) shows that the rotational frequency fluctuates obviously between 75 and 125 GHz (mean value 100 GHz). The rotational frequency of the inner tube (blue line) is about half the rotational frequency of the motor (yellow broken line). This means that rotations of rotor and motor are asynchronous. The historical positions of MCITs (blue line) shown in Fig. 3(b) also demonstrate that the interaction between motor and rotor tends to be stable after 3500 ps for the present model.
For the BC condition, Fig. 3(a) shows that the rotation of the rotor is very difficult to activate. For example, the rotational frequency of the rotor (red line) varies near zero for the first 4000 ps. We describe that duration as "smooth time." When we extend the simulation time to 10 ns, the rotational frequency of the rotor varies between 25 and 75 GHz after 4000 ps. The mean value of the rotational frequency of the rotor is the lowest among the three cases of end configuration.
From the above analysis, we know that the rotational frequency of the rotor is triggered by the interaction between the right end of the motor and the left end of the rotor. From a mechanics point of view, the interaction between rotor and rotating motor creates a torque (axial moment, Table I ) on the rotor, and further nonzero angular acceleration of the rotor appears. At the same time, an interaction exists between rotor and outer tube in the bearing. The interlayer friction 6, 23 increases with the increase of rotor's rotational frequency. Hence, the rotational frequency of the rotor has a peak value that is no higher than that of the motor. The obvious fluctuation of torque (standard deviation is far greater than the mean value) is mainly due to thermal vibration of atoms on tubes.
B. Effect of radii difference between motor and rotor
In the cases considered above, the chirality of the motor is the same as that of the rotor in the bearing. We next investigate the effects of interaction between sp 2 and/or sp 1 bonded carbon atoms on rotation transmission. It is recognized that interaction near the joint between motor and rotor is influenced by the orbital hybridization types of atoms. Hence, to design an asynchronous rotation transmission system, we may also achieve the desired results by adjusting the difference between the diameters of motor and rotor. Here, we choose five armchair tubes as the motor to drive the same bearing from a DWCNT of (5, 5)/(10, 10). In all cases, both motor and rotor have open ends. Fig. 4(a) presents the rotational frequency of rotors driven by motors from six different CNTs. In the top layer of Fig. 4(a) , the rotor driven by either a (5, 5) or a (6, 6) motor shows very stable synchronous rotation. The mid-layer of Fig. 4(a) shows the histories of rotational frequency of the rotor driven by either a (7, 7) or an (8, 8) motor. Here too, both average values of rotational frequency of the rotor are very close to that of motor. But the other curves in the bottom layer of Fig. 4(a) show that the rotational frequency of the rotor is not identical to that of the motor, i.e., rotation transmission is asynchronous. For example, the rotational frequency of the rotor driven by a (9, 9) motor is only 170 GHz (<250 GHz of the motor). It is similar to the system with hydrogen atoms bonded at the joint between (9, 9) motor and rotor in our recent work. 28 The transmission effect for the system with such radius difference between motor and rotor is mainly caused by the interlayer van der Waals forces rather than the pattern of hybridization at the tube end. When the van der Waals force performs dominantly during rotational transmission, the asynchronous rotational frequency can be generated. Similarly, for the (10, 10) motor, which has the same chirality as the outer tube in the DWCNT bearing, the rotation of the rotor is unstable, with the highest value of rotational frequency of <160 GHz. At the same time, the whole system acts as an oscillator, as studied by Kang et al. 32 with the translational motion of the rotor along axis (Fig. 4(b) ).
Figs. 5(a) and 5(b) show the configurations of a system with a (7, 7) motor at 1810 ps and 1836 ps, separately. Because a strong interaction occurs at the joint between motor and rotor, the right end of the motor has an asymmetric deformation. Moreover, a similar deformation appears for the (8, 8) rotor. Such an asymmetric end leads to eccentric rotation of the rotor. Correspondingly, the outer tube also has obvious deformation (Figs. 5(a) and 5(b) ). From  Figs. 5(c)-5(e) , the radii differences between motor and rotor are large enough so that they cannot form new sp 2 atoms. Thus, we may conclude that such a system is not suitable for stable rotation transmission when the difference between radii of motor (i.e., (7, 7) and (8, 8)) and rotor (i.e., (5, 5) ) is in the range of (0.13, 0.21) nm. If the radii difference between motor and rotor is large than 0.275 nm (i.e., (9, 9) motor and (5, 5) rotor), the asynchronous transmission results can be generated due to van der Waals interaction.
C. Effect of motor' rotational frequency
Two representative motors are discussed, e.g., (9, 9) and (10, 10) motor. For (9, 9) motor, it can excite stable asynchronous rotation of rotor. For (10, 10) motor, it will drive rotor acting as an oscillator, simultaneously.
Driven by (9, 9) motor
Here, we just show the results of the rotor driven by super high-speed (9, 9) motor (Fig. 6) . As the rotational frequency of motor is over 230 GHz, the rotational frequency of rotor increases approximately linear with the rotational frequency of motor. The standard deviation of rotational frequency of rotor is about 5 GHz. It is significant to give a design of a RTS with stable and adjustable rotating state of rotor.
Driven by (10, 10) motor
In the pre-pullout oscillation work, 2,15 the inner tube amplitude damps with time continuously. In our previous work, 12 if the rotor has a high rotational speed, it will oscillate in the stator, simultaneously. Fig. 7 demonstrates both of the oscillation and rotation of the rotor when driven by the (10, 10) motor. In the system, both the motor and stator are made from the (10, 10) CNT. From Kang et al.,
32 the oscillation of the inner tube depends on the distance between the two outer tubes. From Fig. 7(a) , the stable oscillation of the rotor happens during [3000, 5000] ps when driven by 240 GHz motor or during [1000, 2500] ps when driven by 250 GHz motor. The stable oscillation frequency is around 47 GHz, that can match up with the fitting result by Kang et al. 32 During the same period, the rotation of the rotor is stable, too. For example, the average values of the rotational frequency of the rotor are 144 and 27 GHz, respectively ( Fig. 7(b) ). This phenomenon demonstrates that the highspeed rotating inner tube will result in a stable oscillation of the inner tube in the outer tube(s) with higher radius. 12 When the rotational frequency is 230, 260, or 270 GHz, the oscillation fluctuates obviously. For such system, the activated translational and rotational motion of rotor can be regarded as multi-signal transmission in NEMS.
D. Effect of temperature
Here, only super high-speed rotational transmission is under consideration, i.e., the rational frequency of motor is 250 GHz. Four temperature cases are considered, i.e., 150, 300, 500, and 800 K. Fig. 8(a) lists the rotational frequency of rotor driven by (9, 9) motor at different environmental temperature. It is found that the rotor rotates synchronously with motor at 150, 500, and 800 K. Only when the system is at 300 K, the nonsynchronous rotational transmission happens.
In Fig. 8(b) , the rotational transmission histories are listed when the rotor is driven by (10, 10) motor. The results show that the environmental temperature influences the rotational transmission more obviously. When the system is at 150 K, the synchronous rotational transmission happens. As observing the configuration of the motor-rotor joint, we find that the motor and rotor are attracted to each other tightly and the motor is under buckling. So, we concluded that the synchronous transmission happens easily at lower environmental temperature. Although motor and rotor are attracted each other and synchronous rotational transmission happens at 800 K for both of (9, 9) and (10, 10) motors, the mechanism is different from that at 150 K. From the configuration of the motor-rotor joint, we find that the end of motor is not under buckling. It is actually because of higher phonon vibration on motor which leads to the easier happening of bonding between atoms on motor and rotor.
V. CONCLUSIONS
In summary, we investigate a series of rotational transmission systems made by coaxial CNTs with MD simulation. The results indicate that the interaction between the motor and rotor is influenced by such factors as the bonding types of carbon atoms near their joint, the difference between their radii, rotational frequency of motor, and environmental temperature. Following concluding remarks can be drawn.
First, if the joint between motor and/or rotor has pure sp 2 bonded atoms (BC, MC), the interaction is not strong enough to drive the rotor rotating synchronously. The MC condition can generate higher rotational frequency than BC condition because of the stronger effect of the sp 1 bonded atoms. All the synchronous rotation of rotor is due to the original sp 1 atoms on the motor and rotor becoming new sp 2 atoms. Second, the radii difference between motor and rotor influences the transmission behavior, too. To design a stable synchronous RTS, the radii difference between motor and rotor should be no more than 0.13 nm. If the radii difference is over 0.275 nm, van der Waals interaction between tube walls can drive an asynchronous rotation of rotor.
Third, when the motor's rotational frequency is between 230 GHz and 270 GHz, a stable asynchronous transmission result can be observed and the rotational speed of rotor almost increases linearly with the increase of the rotational speed of (9, 9) motor. When driven by the (10, 10) motor, the system may be considered as a multi-signal transmission device due to the coexistence of the oscillation and rotation of the rotor.
Finally, environmental temperature also has an obvious influence on the effects of rotational transmission of the system. When the environmental temperature of is high and/ or the difference between motor and rotor radii is low, the new sp 2 atoms appear easily. When the environmental temperature is low (e.g., <150), the open end of motor is easily under buckling due to the attraction of the rotor. The appearing of some new sp 2 bonded atoms on the adjacent ends of motor and rotor leads to their synchronous rotation.
